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The lung is composed of numerous epithelial lineages that arise from the anterior foregut endoderm. This
review discusses how insights into the signaling mechanisms that regulate lung endoderm specification
and subsequent differentiation have recently been exploited to direct differentiation of hESCs/iPSCs into
expandable lung progenitors.Introduction
Early in development, signals from the mesenchyme pattern
the developing foregut endoderm in an anterior to posterior
manner, first into broad domains and then into more restricted
regions where the prospective organ anlages will bud into the
surrounding mesenchyme. Morphological movements of the
embryo during development expose the endoderm to changing
spatial and temporal patterns of mesenchyme-specific gene
expression. As a result, specific regions of the foregut experi-
ence different morphogen gradients at particular times of devel-
opment, and these signaling environments act to pattern the
foregut endoderm. Thus, the timing, extent, and strength of
exposure of these signals have a dramatic impact on both spec-
ification and differentiation of organ-specific foregut endoderm
progenitors. Understanding the signals that promote lung endo-
derm development is critical in determining how to generate
specific epithelial cell types from undifferentiated pluripotent
stem cells that may eventually be useful for both basic scientific
inquiry and treatment of various lung diseases. In this review, we
will highlight the signals known to direct formation and differen-
tiation of the lung endoderm during normal development and
how this information has been used in two reports in this issue
to efficiently generate lung endoderm progenitors from embry-
onic stem cells (ESCs) and induced pluripotent stem cells
(iPSCs) (Longmire et al., 2012; Mou et al., 2012). We will also
discuss a third paper in this issue, which shows differentiation
of human pluripotent cells into expandable endodermal progen-
itor cells, representing an earlier developmental stage (Cheng
et al., 2012). This brief review is not intended to be a comprehen-
sive assessment of lung development, and we refer readers to
other, more complete reviews on these topics (Morrisey and
Hogan, 2010; Zorn and Wells, 2009).
Lung Development: A Brief Overview
The lung is composed of endoderm-derived epithelial cells
that constitute the luminal surface of the airways and
alveolar spaces. Ensheathing the epithelium are mesenchymal
derivatives including airway smooth muscle, pulmonary fibro-
blasts, and vascular endothelium. During development, theepithelium and mesenchyme are involved in a complex circuit
of paracrine and autocrine signals that act to drive morphogen-
esis and patterning of the developing airway structure. The lung
initially arises from the anterior foregut endoderm region, which
itself arises from the definitive endoderm that develops soon
after gastrulation. The definitive endoderm folds to form the
gut tube, which is patterned along the anterior-posterior and
dorsal-ventral axes through paracrine signals from the sur-
rounding mesoderm (Zorn andWells, 2009). These signals result
in specification of the lung field, which can be first identified by
expression of the transcription factor Nkx2.1 in the ventral ante-
rior endoderm by E9.5 in mice. The Nkx2.1+ endoderm will bud
from the ventral side of the anterior foregut to form the primitive
lung bud, which, through a stereotyped branching program, will
give rise to the highly arborized respiratory tree. By E16.5 in
mice, the primary branching of the lung is complete. Subsequent
cell differentiation continues through the early postnatal period
to eventually generate the multitude of cell types that populate
the mature lung (Morrisey and Hogan, 2010). Throughout all
these processes, signals between the mesenchyme and epithe-
lium inform cell specification, determination, and differentiation
and are essential for proper development and maturation of
the lung.
Signals Required for Patterning the Anterior Endoderm
Multiple signals from the mesoderm surrounding the anterior
foregut are required for proper specification and differentiation
of lung endoderm progenitors. Since the anterior foregut gener-
ates multiple distinct tissues, including the esophagus, trachea,
stomach, lungs, thyroid, liver, biliary system, and pancreas, how
mesoderm-derived signals promote specific organ progenitors
along the anterior-posterior axis is of high interest to both devel-
opmental and stem cell biologists. Various pathways have been
implicated in regulating early foregut organ specification through
mesoderm-endoderm signaling, including FGF, BMP, WNT,
retinoic acid (RA), Hedgehog (SHH), and Notch (Zorn and Wells,
2009) (Figure 1).
One of the earliest known signaling factors required for defin-
itive endoderm formation is Nodal, a member of the TGF-bCell Stem Cell 10, April 6, 2012 ª2012 Elsevier Inc. 355
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Figure 1. Signaling Pathways that Direct Lung Endoderm Development
The foregut endoderm gives rise to the lung epithelium. FGF signals from the cardiac mesoderm pattern the foregut endoderm into organ-specific fields. High
levels of FGF signaling promote lung and thyroid specification, and lower levels promote liver specification. BMP andWnt signals from the splanchnic mesoderm
promote expression of Nkx2.1 in the ventral endoderm. At E9.0 the trachea bifurcates from the foregut endoderm and the primary lung buds form. FGF10 signals
from the mesenchyme drive lung bud outgrowth and are in turn regulated by RA repression of TGF-B signaling. By E12.5 the five lobes of the lung have formed,
and stereotyped branching morphogenesis has begun. Proximal progenitor cells express Sox2 and will give rise to the cell types that populate the upper airways
(Clara cells, ciliated cells, and neuroendocrine cells). Distal progenitor cells express Sox9 and Id2. Early in development (prior to E13.5), these distal cell
progenitors can give rise to all the epithelial cells of the lung. Later in development (after E16.5), these distal progenitors will generate the alveolar epithelial
lineages, including AEC1 and AEC2 cells. In the adult lung (bottom panel), the upper airways are populated with Clara cells (CC10+), ciliated cells (Foxj1+), basal
cells (p63+), and neuroendocrine cells. The mature alveolus is the site of gas exchange in the lung, lined with AEC1 and AEC2 cells. AEC1 cells have flattened
morphology, express aquaporin5 and T1a, and form close associations with the underlying vasculature. AEC2 cells have a more cuboidal shape and express
surfactant protein C (Sftpc).
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Minireviewsignaling network. The Nodal pathway is an important early
signal from the primitive streak that is necessary and sufficient
to initiate endoderm formation in the mouse (Zorn and Wells,
2009). After formation of the definitive endoderm and subse-
quent formation of the foregut tube, the endoderm is patterned
in an anterior to posterior manner by signals from the sur-
rounding mesenchyme, including BMP, WNT, FGF, RA, and
SHH pathways. In response to these signals, expression of tran-
scription factors such as Hhex, FoxA2, and Sox2 define the ante-
rior endoderm, and Cdx1, Cdx2, and Cdx4 are expressed in the
posterior endoderm. These signaling pathways are often ex-356 Cell Stem Cell 10, April 6, 2012 ª2012 Elsevier Inc.pressed in gradients that can promote organ-specific endoderm
progenitors through a dose-dependent response along the ante-
rior-posterior axis of the foregut. FGF4 and high levels of WNT
signaling at E7.5–8.5 promote expression of posterior endoderm
markers (Cdx) and repress anterior endoderm fates (Hhex and
FoxA2) (Sherwood et al., 2011; Zorn and Wells, 2009). Following
delineation of the endoderm into the foregut and hindgut regions,
the anterior endoderm is further refined by the localized signaling
environment to express transcription factors that both mark
and promote organ-specific domains including Nkx2.1 (lung),
Pdx1 (pancreas), and Hnf4 (liver). After E8.5 in the mouse, a
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further patterning of the foregut. High levels of FGF2 induce
expression of Nkx2.1 in lung and thyroid progenitors while lower
levels of FGF signaling induce liver-specific gene expression. RA
signaling is required for formation of lungs, stomach, and dorsal
pancreas and appears to act by repressing TGF-b signaling
(Desai et al., 2006). The proper balance and dose of these inter-
secting signaling pathways results in specification of lung endo-
derm progenitors within a distinct region of the anterior ventral
foregut between progenitors fated for liver and thyroid develop-
ment (Figure 1).
Signals from the mesenchyme also pattern the foregut along
the dorsal-ventral axis. As with patterning along the anterior-
posterior axis, dorsal-ventral patterning of foregut endoderm
progenitors requires precise coordination of the temporal
expression and activity of mesenchymally derived signals. As
detailed above, shortly after formation of the foregut (E7.5–8.5),
WNT/b-catenin signaling represses anterior endoderm fate and
promotes posterior endoderm identity (Sherwood et al., 2011).
Later in development at E9–9.5, WNT/b-catenin signaling plays
an important role in patterning the anterior endoderm. WNT2/
2a signaling from the mesenchyme is required to induce expres-
sion of Nkx2.1 in the ventral wall of the anterior foregut endo-
derm, and loss of these two ligands in mice results in complete
respiratory agenesis without affecting specification of other
organ-specific progenitors (Goss et al., 2009). Loss of b-catenin
in the anterior foregut endoderm at E8.5–9.0 also results in
complete respiratory agenesis, indicating that WNT2/2b signal-
ing through the b-catenin-dependent canonical WNT pathway
is required for specification of lung endoderm progenitors in
the anterior foregut (Goss et al., 2009; Harris-Johnson et al.,
2009). The potency of the WNT/b-catenin pathway in lung endo-
derm progenitor specification is illustrated by the finding that
expression of a constitutively active b-catenin protein in
posterior regions of the foregut results in ectopic generation of
Nkx2.1+ lung endoderm progenitors (Goss et al., 2009; Harris-
Johnson et al., 2009).
BMP signaling also has a temporal and spatial-specific role in
directing specification and differentiation of foregut endoderm.
Between E8.75–9.5 in themouse, BMP signaling from the ventral
mesenchyme to the endoderm is required for proper dorsal-
ventral patterning of the anterior foregut. BMP signaling through
BMPR1A/B promotes formation of the trachea/respiratory
lineage by repressing ventral expression of Sox2 (Domyan
et al., 2011). This dorsal-ventral patterning of the anterior endo-
derm results in downregulation of Sox2 in the ventral region of
the anterior foregut, allowing for increased expression of
Nkx2.1 and subsequent lung development. BMP and WNT
signaling cooperate to regulate lung endoderm specification
since the ability of WNT signaling to induce ectopic Nkx2.1+
lung endoderm progenitors in the posterior foregut requires
intact BMP signaling (Domyan et al., 2011). BMP signaling is
also required to suppress ectopic lung budding from more
posterior regions of the foregut, indicating that BMP signaling
provides both a positive enforcer of lung identity but also
represses lung endoderm fate in regions dedicated to forming
other foregut-derived organs (Domyan et al., 2011). The
changing roles of the Wnt/b-catenin pathway and the BMP
pathway in patterning the foregut endoderm during developmentdemonstrate the requirement for precise timing of signals from
the mesenchyme to the endoderm.
FGF10 signaling from the splanchnic mesoderm through
FGFR2 in the lung endoderm is required for the formation of
the developing lung buds. FGF10 acts as a chemotactic agent
to promote budding of the lung endoderm into the surrounding
mesenchyme. Loss of FGF10 or its cognate receptor FGFR2
results in a dramatic loss of lung branching (reviewed in Morri-
sey and Hogan, 2010). Specific expression of FGF10 in the
mesenchyme surrounding the presumptive lung epithelium
may require RA signaling integrating the TGF-b and WNT/b-cat-
enin signaling pathways (Chen et al., 2010). SHH signaling is
also required for lung branching, and the Gli2/3 downstream
effectors of SHH signaling are required for lung bud formation
(reviewed in Morrisey and Hogan, 2010). Despite this evidence
for a requirement for SHH signaling in lung development, how
SHH acts to direct early lung development is still unclear, as
proximal-distal patterning of the lung endoderm still occurs in
SHH null mutants. While FGF10 signaling directs formation of
the lung buds, signals that include SHH, RA, Wnt/b-catenin,
and TGF-b must also be integrated for proper formation of the
developing lung.
Proximal to Distal Patterning of the Respiratory
Epithelium
As the primary lung buds grow into the splanchnic mesenchyme
and undergo branching morphogenesis, lung epithelial cells
encounter signals in the surrounding mesenchyme that act to
pattern the lung in a proximal to distal manner. Early tissue trans-
plant experiments demonstrated that signals from the distal
mesenchyme are necessary and sufficient to promote branching
morphogenesis. These experiments demonstrated the compe-
tency of the respiratory epithelium prior to E13.5 to respond to
signals from the adjacent distal mesenchyme and promote
airway branching (Shannon and Hyatt, 2004).
Lineage tracing experiments using the Id2 locus to drive an
inducible cre/loxP system demonstrate that lung progenitor cells
present in distal tips of the branching lung epithelium can
contribute to all of the epithelial cells of the lung prior to E13.5.
These experiments suggest that the multipotent nature of the
distal progenitors is limited in a temporal fashion (Rawlins
et al., 2009). Several signaling pathways act to maintain the
multipotent progenitor state of these distal cells. WNT signaling
is important for maintaining these progenitor cells and promoting
distal endoderm identify prior to E14.5 (Morrisey and Hogan,
2010). FGF signaling located primarily at the distal branching
tips is also needed to maintain the multipotent endoderm
progenitor cells. A better understanding of the signals that are
required for maintaining lung progenitor cells may prove useful
in deriving lung epithelial cells from pluripotent stem cells.
As branching morphogenesis proceeds, the more proximal
epithelial cells express Sox2, which inhibits branching and
promotes proximal cell fate (Que et al., 2009). The proximal
progenitor cells lining the epithelial stalks give rise to all of the
epithelial lineages within the upper airways, including secretory
Clara cells, ciliated cells, and neuroendocrine (NE) cells (Que
et al., 2009; Tompkins et al., 2011) (Figure 1). Notch signaling
is critical for maintaining the balance between secretory Clara
cells and ciliated cells (Guseh et al., 2009). Loss of NotchCell Stem Cell 10, April 6, 2012 ª2012 Elsevier Inc. 357
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Figure 2. Recapitulation of the Steps of Lung Endoderm Development In Vitro Promotes Lung Cell Derivation from Pluripotent Stem Cells
Treatment of ESCs or iPSCs with Activin A mimics Nodal signaling required for formation of the primitive streak and formation of mesoendoderm.
Continued exposure to Activin A promotes formation of the definitive endoderm. Inhibition of BMP signaling and TGF-b signaling promotes expression of
anterior foregut markers Sox2 and FoxA2. Treatment of the anteriorized endoderm with Wnt, FGF, EGF, KGF, and BMP signaling promotes formation of
ventral anterior foregut cells that express Nkx2.1. Treatment with FGF2 or FGF10 ligands promotes specification of lung progenitors, which express Nkx2.1,
Sox2, and Sox9. Further maturation of the lung progenitors can be induced by treatment with a ‘‘proximal induction’’ cocktail (Mou et al., 2012) or lungmaturation
media (Longmire et al., 2012). Injection of cells into decellularized lung scaffold or subcutaneously promotes further differentiation into proximal and distal
cell types.
Cell Stem Cell
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the ciliated lineage expands to cover all of the proximal airways
(Morimoto et al., 2010; Tsao et al., 2009).
Distal lung endoderm progenitors are marked by coexpres-
sion of Nkx2.1 and Sox9. These Nkx2.1+/Sox9+ progenitors
will generate alveolar epithelial lineages, including alveolar
epithelial type 1 cells (AEC1) and alveolar epithelial type 2 cells
(AEC2). AEC1/2 lineages continue to mature through the first
several weeks of the postnatal period in mice to organize the
complex alveolar gas exchange unit of the mature lung. Intimate
interactions between maturing AEC1 and AEC2 cells and the
developing endothelial vasculature and poorly defined mesen-
chymal fibroblasts help promote proper maturation of the alve-
olar unit (Figure 1). Defects in this maturation process lead to
important human lung diseases, including bronchopulmonary
dysplasia and alveolar capillary dysplasia. Regulation of these
pathways is critical to our understanding of how to generate
mature and functional lung epithelial lineages from pluripotent
stem cells.
ESCs and Lung Progenitors
ESCs have unlimited proliferative capacity and the potential to
generate all tissue types (for a more extensive review, see Murry
and Keller, 2008). Ex vivo, ESCs can be induced to form358 Cell Stem Cell 10, April 6, 2012 ª2012 Elsevier Inc.embryoid bodies, which contain the three germ layers of the
embryo: ectoderm, endoderm, and mesoderm (Gadue et al.,
2005). Culture conditions have been established to induce effi-
cient differentiation of derivatives of the mesoderm (hematopoi-
etic, vascular, muscle) and ectoderm (neural lineages) (Murry
and Keller, 2008). However, less success has been obtained
deriving cells from the endodermal lineage.
Recent work has attempted to recapitulate in culture the key
signaling events that direct early lineage commitment in the
embryo. This mimicking of the changing signaling environment
of the embryo has improved the efficiency in obtaining differen-
tiated cells of endodermal origin. Similar to what is seen during
gastrulation in the embryo, high levels of Nodal signaling (stimu-
lated by Activin A) induce formation of the definitive endoderm in
ESCs and iPSCs (Murry and Keller, 2008) (Figure 2). In this issue
of Cell Stem Cell, Gadue and colleagues describe the establish-
ment of endodermal progenitor cell lines from human ESCs and
iPSCs (Cheng et al., 2012). While these cells were shown to
generate both hepatic and pancreatic progenitors and
differentiated lineages, it remains unclear whether they can be
harnessed to generate additional endodermal derivatives such
as lung epithelium. However, these cells will undoubtedly be
useful for further analysis of endoderm specification in culture
(Cheng et al., 2012).
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tube and is patterned along the anterior-posterior axis. As with
the gut tube in the embryo, in culture the definitive endoderm
must be patterned to an anterior or posterior fate for efficient
derivation of endoderm-derived cells. Specific culture conditions
can induce formation of posterior endoderm derivatives, such as
hepatic (Basma et al., 2009), intestinal, and pancreatic cells
(Murry and Keller, 2008; Spence et al., 2011). In contrast, treat-
ment of Activin-A-induced endoderm with inhibitors of BMP
signaling and nodal signaling specifies a highly enriched popula-
tion of cells with anterior foregut endoderm identity (Green
et al., 2011). These cells can be directed to an early lung endo-
derm fate by timed treatment with signaling factors known to
be required for lung development, including WNTs, FGFs,
BMPs, EGFs, and KGFs (Figure 2). This stepwise progression
from undifferentiated ESCs to anteriorized endoderm greatly
increases the efficiency of deriving anterior endoderm cell types
such as the thyroid and lung. These results validate the approach
of recapitulating key steps in early embryonic development in
order to efficiently derive cells of endodermal origin from undif-
ferentiated ESCs.
In this issue of Cell Stem Cell, two papers report significant
advances in inducing formation of differentiated lung cells from
ESCs and hiPSCs (Longmire et al., 2012; Mou et al., 2012).
Both approaches use a stepwise application of inhibitors and
activators of WNT, BMP, and FGF to induce lung endoderm
formation. The timing and duration of application of these factors
were found to be critical for proper specification of lung epithelial
cells. Additionally, both studies found that a stepwise process
through the stages of lung development—i.e., formation of ante-
rior definitive endoderm, specification of Nkx2.1+ lung endo-
derm progenitors, determination of proximal (Sox2+) and distal
(Sox9+) lung progenitors, and finally, differentiation and matura-
tion into proximal and distal epithelial cell types of the lung—was
required to obtain efficient production of differentiated lung
epithelium.
As detailed above, the earliest marker of specified lung endo-
derm is the transcription factor Nkx2.1, which is expressed in
the foregut endoderm of the developing mouse starting as early
as E9.5 (Goss et al., 2009; Minoo et al., 1999). Importantly,
Nkx2.1 expression is not restricted to the lung and is also
observed in the forebrain and the thyroid. This broad expression
pattern can be problematic when trying to obtain a pure popula-
tion of lung progenitor cells, because selection for Nkx2.1+ cells
will also result in copurification of neural and thyroid progenitors.
Longmire et al. used a new Nkx2.1-GFP mouse ESC reporter
line to follow the course of specification of lung and thyroid
progenitors (Longmire et al., 2012). By examining expression
of Nkx2.1 (GFP+) along with other markers of lung, thyroid,
and neuroectoderm, they were able to determine the signaling
conditions required to preferentially generate lung and thyroid
progenitors (Figure 2). These Nkx2.1+ cells could be followed
over the temporal course of development, allowing analysis of
the epigenetic signature of these progenitors and changes in
the transcriptome. Mou et al. used a similar approach to specif-
ically obtain an enriched population of differentiated proximal
lung cell types from ESCs and hiPSCs (Mou et al., 2012).
Through use of a ‘‘proximal induction’’ medium containing
MEK inhibitor and BMP, FGF, and RA agonists, Mou et al.were able to direct differentiation of lung progenitors to a prox-
imal Nkx2.1+/Sox2+ cell fate (Figure 2). Importantly, Mou et al.
were able to generate proximal lung endoderm from human
cystic-fibrosis-patient-specific iPSCs, indicating that these
protocols work for both rodent and human pluripotent cells.
The efficiency for both studies ranged from 7%–21% of cells
that acquired a Nkx2.1+/Foxa2+ phenotype, indicative of a
bipotential lung/thyroid anterior foregut endoderm progenitor.
To investigate whether such selected cells were able to differen-
tiate into lung epithelium in vivo, Mou et al. injected Nkx2.1+
progenitor cells subcutaneously into immunodeficient mice.
These lung progenitors formed epithelial spheres made up of
cells expressing markers of mature airway epithelial cells,
including Sox2+ proximal airway cells, p63+ basal stem cells,
CC10+ secretory Clara cells, FoxJ1+ ciliated cells, and Mu-
c5ac+ mucin secreting cells (Figure 2). This assay demonstrated
that the Nkx2.1+ progenitor cells generated in vitro could
differentiate appropriately in vivo. However, it remains unclear
whether these cells can engraft into a recipient lung and form
the intimate connection with the host vasculature to allow func-
tional gas exchange to occur.
Functional Assays for Pluripotent-Stem-Cell-Derived
Lung Epithelium
The functional capacity of many lineages differentiated from
ESCs or iPSCs remains one of the most important issues in
regenerative biology. Although the many lineages derived from
pluripotent stem cells express the appropriate transcription
factors as well as other markers for a particular cell type, these
cells are often immature and unable to perform the specialized
function of the differentiated cell type. Longmire et al. and Mou
et al. do not claim to have generated fully differentiated lung
epithelium from pluripotent stem cells (Longmire et al., 2012;
Mou et al., 2012). Rather, these reports are a first step in that
direction, and more extensive work is required to drive more
mature and functional lung epithelial lineages. An important
issue related to lung epithelial cells derived fromESCs and iPSCs
is that at present, there are few assays for determining lung cell
functionality. This is an important deficiency in the field. Cells
such as AEC1 and AEC2 cells exist in a complex milieu where
interactions with surrounding mesodermal lineages, such as
vascular cells, are essential for proper gas exchange to occur.
This structurally complex environment will be difficult to recapit-
ulate in vitro and will likely require in vivo assays for full functional
assessment.
One of the more interesting in vivo assays developed recently
is an organoid approach where embryonic mouse lung cell
aggregates were implanted underneath the renal capsule
of an immunodeficient mouse. These lung organoids de-
veloped a vasculature that connected to the host, and con-
tained branched airways with differentiated Clara secretory cells
and AEC2 cells (Chapman et al., 2011). Despite this important
advance, additional assays, including a more relevant engraft-
ment assay for defining the capacity of ESC- and iPSC-derived
lung endoderm to generate lung epithelium in vivo will be vital
for future work. Questions such as whether it is advantageous
to use fully mature lung epithelium or less mature progenitors
for engraftment studies will be important in determining how
far in vitro differentiation systems will need to advance beforeCell Stem Cell 10, April 6, 2012 ª2012 Elsevier Inc. 359
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that there is an advantage to using undifferentiated lung endo-
derm for tissue engraftment. Immature cells may proliferate
better and exhibit more plasticity for differentiation by acquiring
appropriate lineage differentiation depending upon distinct
environmental and spatial cues in the lung region they engraft
in. A report showing that hESC-derived pancreatic endoderm
can differentiate into insulin secreting cells upon engraftment
into immunodeficient mice supports this hypothesis (Kroon
et al., 2008). In this context, the identification of a stable foregut
endoderm progenitor may facilitate studies to determine
whether such progenitors can differentiate in vivo in the
absence of further ex vivo differentiation (Cheng et al., 2012).
In contrast, more extensive in vitro differentiation may be neces-
sary to allow lung cells to properly integrate into the existing
cellular matrix of the lung and to properly establish connections
between lung epithelial cells and the vasculature. These and
many more questions will require the development of better
and more sophisticated in vivo assays of lung cell engraftment
and differentiation.Conclusions
Advances in our understanding of the basic signaling mecha-
nisms that regulate lung endoderm progenitors have driven
many of the questions and investigations into generating useful
lung epithelial lineages from pluripotent stem cells. The three
papers in the current issue of Cell Stem Cell highlight both the
impressive gains in our understanding and also the challenges
that face this field in the near future. Before lung epithelial cells
generated from ESCs/hiPSCs can be used as either important
screening platforms or therapeutic options for lung disease,
the issues of maturation and functional integration are hurdles
that will have to be overcome. Despite such hurdles, the
advances in bioengineering approaches, including decellular-
ized matrices, may offer new assays to optimize differentiation
of lung endoderm in vitro but also provide key insight into the
molecular mechanisms underlying endogenous lung epithelial
regeneration that occurs after acute lung injury or during disease
remodeling. Such exciting new directions will undoubtedly prove
fruitful over the course of the next few years in lung regeneration
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